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The endosomal sorting complexes required for transport, ESCRT-I, -II, and -III, are thought to mediate the biogenesis of
multivesicular endosomes (MVEs) and endosomal sorting of ubiquitinated membrane proteins. Here, we have compared
the importance of the ESCRT-I subunit tumor susceptibility gene 101 (Tsg101) and the ESCRT-III subunit hVps24/
CHMP3 for endosomal functions and receptor signaling. Like Tsg101, endogenous hVps24 localized mainly to late
endosomes. Depletion of hVps24 by siRNA showed that this ESCRT subunit, like Tsg101, is important for degradation
of the epidermal growth factor (EGF) receptor (EGFR) and for transport of the receptor from early endosomes to
lysosomes. Surprisingly, however, whereas depletion of Tsg101 caused sustained EGF activation of the mitogen-activated
protein kinase pathway, depletion of hVps24 had no such effect. Moreover, depletion of Tsg101 but not of hVps24 caused
a major fraction of internalized EGF to accumulate in nonacidified endosomes. Electron microscopy of hVps24-depleted
cells showed an accumulation of EGFRs in MVEs that were significantly smaller than those in control cells, probably
because of an impaired fusion with lyso-bisphosphatidic acid-positive late endosomes/lysosomes. Together, our results
reveal functional differences between ESCRT-I and ESCRT-III in degradative protein trafficking and indicate that
degradation of the EGFR is not required for termination of its signaling.

INTRODUCTION

Membrane-bound receptors are key transmitters of cell signal-
ing. When activated by their respective ligands, different re-
ceptors activate various intracellular signaling pathways that
control transcription, cytoskeletal functions, or membrane traf-
ficking. Even though receptor signaling has classically been
thought to occur from the plasma membrane, accumulating
evidence suggests that at least some receptors can transmit
signals from endomembranes such as endosomes as well.
Moreover, signaling from endomembranes may be qualita-
tively different from signaling from the plasma membrane,
thereby providing additional opportunities for spatial regula-
tion of signal transduction (Ceresa and Schmid, 2000; Sorkin
and Von Zastrow, 2002).

Owing to their involvement in carcinogenesis, epidermal
growth factor (EGF) receptors (EGFRs) are among the most

intensively studied receptors of mammalian cells (Rubin
and Yarden, 2001), and their downstream signaling, such as
the mitogen-activated protein (MAP) kinase and phospho-
inositide kinase pathways, have been characterized in detail
(Pawson, 2004). The finding that inhibition of endocytosis
with dominant-negative dynamin constructs inhibits EGF-
induced activation of the MAP kinase pathway has led to the
view that this pathway is activated by ligand-bound EGFRs
that reside in the limiting membrane of endosomes (Vieira et
al., 1996). It has thus been proposed that EGF-activated MAP
kinase activation is silenced when the activated receptors
become internalized into intraluminal vesicles of endosomes
and subsequently are degraded by lysosomal enzymes as
the multivesicular endosomes (MVEs) fuse with lysosomes
(Futter et al., 1996). Such degradation is thought to be essen-
tial for termination of EGFR signaling, and its impairment has
been associated with carcinogenesis (Dikic and Giordano, 2003;
Bache et al., 2004b; Polo et al., 2004). It is therefore important
to characterize the mechanisms of EGFR down-regulation
thoroughly.

A molecular machinery, first identified in yeast as part of
the vacuolar protein sorting (vps) machinery, has proven
important for the endosomal sorting of EGFRs into the deg-
radative MVE pathway (Katzmann et al., 2002; Babst et al.,
2002b; Raiborg et al., 2003). On activation and internaliza-
tion, the multiubiquitinated EGFR interacts with a complex
that contains the ubiquitin-binding protein hepatocyte
growth factor-regulated tyrosine kinase substrate (Hrs) on
the endosome membrane (Bache et al., 2003b; Sigismund et
al., 2005). Hrs recruits the endosomal sorting complex re-
quired for transport, ESCRT-I (Bache et al., 2003a), which is

This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E05–10–0915)
on March 22, 2006.
□D The online version of this article contains supplemental material
at MBC Online (http://www.molbiolcell.org).

Address correspondence to: Harald Stenmark (stenmark@ulrik.uio.no).

Abbreviations used: EGF, epidermal growth factor; EGFR, epidermal
growth factor receptor; ESCRT, endosomal sorting complex required
for transport; Hrs, hepatocyte growth factor-regulated tyrosine kinase
substrate; MVE, multivesicular endosome; PI3P, phosphatidylinositol
3-phosphate; siRNA, small-interfering RNA; Tsg101, tumor suscepti-
bility gene 101; vps, vacuolar protein sorting.

© 2006 by The American Society for Cell Biology 2513



thought to capture the ubiquitinated cargo through its ubiq-
uitin-binding subunit tumor susceptibility gene 101 (Tsg101)
(Sundquist et al., 2004). By analogy with the endosomal
sorting of ubiquitinated cargo in yeast, the ubiquitinated
EGFR has been further assumed to be delivered to ESCRT-II
before it gets internalized into MVEs through the activity of
ESCRT-III (Katzmann et al., 2002). In support of this idea,
depletion of ESCRT-I subunits has been shown to inhibit
ligand-induced EGFR degradation (Bishop et al., 2002; Bache
et al., 2003b, 2004a), as has overexpression of an N-terminal
fragment of the human ESCRT-III subunit hVps24 (Yan et al.,
2005). However, the relationship between endosomal traf-
ficking of the EGFR and its signaling properties has been less
explored. What is known is that hrs mutant Drosophila em-
bryos show enhanced EGF signaling (Lloyd et al., 2002) and
that EGF-induced activation of the MAP kinase pathway is
enhanced in cell lines with impaired Tsg101 function (Babst
et al., 2000). The roles of ESCRT-II and ESCRT-III in receptor
silencing have not been examined.

In the present work, we have analyzed the function of
hVps24 in the trafficking and signaling of EGFRs. Unexpect-
edly, we find that hVps24 depletion affects degradation but
not signaling of EGFRs. This indicates that Tsg101 and hVps24
have distinct functions in the regulation of receptor trafficking
and that endosomal receptor silencing occurs independently of
proteolytic degradation.

MATERIALS AND METHODS

Cell Culture and Small-Interfering RNA (siRNA)
Oligonucleotides
HeLa cell cultures were maintained as recommended by American Type Culture
Collection (Manassas, VA). For RNA interference (RNAi) against Tsg101, we
used the same oligonucleotides as described previously (Bishop et al., 2002), and
for hVps24 we used the following oligonucleotides: siRNA-1, sense sequence
5�-AGCAUGGACGAUCAGGAAGTT-3� and antisense sequence 5�-CUUCCU-
GAUCGUCCAUGCUTT-3�; and siRNA-2, sense sequence 5�-GCA GAA AUG
GAA AUU GAC AGT T-3� and antisense sequence 5�-CUGUCAAUUUCCA-
UUUCCUGCTT-3�. A BLAST search confirmed that these sequences were
unique to Vps24. Both siRNA-1 and siRNA-2 were used for the experiments
described in Figure 3, whereas only siRNA-1 was used in all other experiments.
As negative control we used a scrambled sequence of the same nucleotides as in
siRNA-1: sense scrambled control 5�-CGGGAGGCUAAGAAAUACGTT-3� and
antisense scrambled control 5�-CGUAUUUCUUAGCCUCCCGTT-3�. Transfec-
tion of HeLa cells with siRNA was performed as described previously (Bache et
al., 2003b). The cells were first transfected with siRNA using the transfection
reagent Oligofectamine (Invitrogen, Carlsbad, CA) for 2 or 3 d, and then the cells
were replated and left for another 2 d before experiments were carried out.

Antibodies and Reagents
Antiserum against hVps24 was obtained from Eurogentec (Herstal, Belgium)
and raised by injecting rabbits with keyhole limpet hemocyanin coupled to
two different peptides corresponding to amino acids 4–18 and 178–192 of
hVps24. The peptides contained a terminal cysteine for conjugation purposes.
The serum was affinity purified according to the manufacturer’s procedure
using a SulfoLink kit from Pierce Chemical (Rockford, IL). Human anti-early
endosomal antigen (EEA)1 antiserum (Mu et al., 1995) was a gift from Ban-
Hock Toh (Monash University, Melbourne, Australia). Rabbit anti-human
lysosomal-associated membrane protein (LAMP)2 was a gift from Gillian
Griffiths (University of Oxford, Oxford, United Kingdom). A mouse mono-
clonal antibody against Tsg101 was obtained from GeneTex (San Antonio,
TX). Mouse monoclonal antibodies against lyso-bisphosphatidic acid (LBPA)
(Kobayashi et al., 1998) were kindly provided by Jean Gruenberg (University
of Geneva, Geneva, Switzerland). Mouse monoclonal antibodies against �-tu-
bulin and CD63 were from Sigma-Aldrich (St. Louis, MO) and the Develop-
mental Studies Hybridoma Bank of the University of Iowa (Iowa City, IA),
respectively. Sheep antibodies against TGN46 were from Serotec (Oxford,
United Kingdom). Sheep antibodies against EGFR were from Fitzgerald (Concord,
MA). Mouse monoclonal antibodies against phospho-mitogen-activated pro-
tein kinase (MAPK)/extracellular signal-regulated kinase (ERK)1/2 (Thr202/
Tyr204), polyclonal rabbit antibodies against MAPK/ERK1/2 and phospho-
mitogen-activated protein kinase kinase (MEK)1/2 (Ser217/221), and rabbit
monoclonal antibodies against MEK1/2 were from Cell Signaling Technology
(Beverly, MA). Cy2-, Cy3-, and Cy5-labeled secondary antibodies as well as
streptavidin-Cy3 were from Jackson ImmunoResearch Laboratories (West

Grove, PA). Biotinylated dextran with molecular mass of 10 kDa was from
Invitrogen, and cycloheximide was from Sigma-Aldrich.

Down-Regulation of EGFR in Cells Depleted of hVps24
HeLa cells were transfected with siRNAs against hVps24 or a scrambled RNA
duplex of the same nucleotides as control. After 48 h, the cells were replated
into three 5-cm dishes with siRNA-treated cells and three 5-cm dishes with
control RNA-treated cells, and left for another 48 h. The cells were starved in
serum-free medium for 1 h in the presence of 10 �g/ml cycloheximide and
then incubated with normal medium supplemented with 50 ng/ml EGF and
10 �g/ml cycloheximide for 0, 2, and 4 h. The cells were lysed for 15 min in
lysis buffer (125 mM KAc, 25 mM HEPES, 2.5 mM MgAc, 5 mM EGTA, 0.5%
NP-40, pH 7.2, and mammalian protease inhibitor cocktail [Sigma-Aldrich]),
and the lysates were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and subsequent immunoblotting using antibod-
ies against the EGFR, hVps24, and tubulin to verify equal loadings.

Confocal Immunofluorescence Microscopy
To investigate the degradation of the EGFR using immunofluorescence mi-
croscopy, HeLa cells grown on coverslips treated or not with siRNA against
hVps24 were incubated in serum-free medium for 1 h in the presence of 10
�g/ml cycloheximide. The cells were then stimulated with 50 ng/ml EGF and
cycloheximide for 15 min and chased in normal medium with cycloheximide
for 3 h. The cells were then permeabilized with 0.05% saponin, fixed with 3%
paraformaldehyde, and stained for fluorescence microscopy as described
previously (Simonsen et al., 1998). Coverslips were examined using a Zeiss
LSM 510 META microscope equipped with a Neo-Fluar 100�/1.45 oil im-
mersion objective. Image processing was done with Adobe Photoshop version
7.0 (Adobe Systems, Mountain View, CA). For studying of the fluid phase
pathway in cells depleted of hVps24, HeLa and HEp2 cells treated with siRNA
against hVps24 were grown on coverslips and preincubated with biotinylated
dextran on ice for 1 h, before they were left to internalize the prebound dextran
at 37°C for 30 min. The cells were washed and incubated at 37°C for 0 or 3 h
before they were permeabilized, fixed, and stained as described above.

Phosphorylation of ERK1/2 and MEK1/2 in Cells Depleted
of Tsg101 and hVps24
HeLa cells treated with siRNA against Tsg101, hVps24, or scrambled RNA
oligonucleotides were incubated for 72 h and replated in one six-well plate
each. After 48 h, the cells were starved in serum-free medium supplemented
with 10 �g/ml cycloheximide for 4 h. All wells, except controls, were stim-
ulated with 5 ng/ml EGF for 5 min and chased in normal medium with
cycloheximide for the indicated times. All the cells were washed in ice-cold
phosphate-buffered saline and placed on ice. Then, 100 �l of 2� sample buffer
for SDS-PAGE was added to each well, and the viscous lysate was transferred
to QIAshredder columns (QIAGEN, Hilden, Germany) and centrifuged at
14,000 rpm for 5 min. The now liquefied lysates were boiled and analyzed by
SDS-PAGE and subsequent immunoblotting using antibodies against phos-
pho- and total-MEK1/2, and phospho- and total-MAPK/ERK1/2. The inten-
sities of the different bands obtained by immunoblotting were quantified
using the software provided by the ChemiGenius imaging system (Syngene,
Cambridge, United Kingdom) and plotted as percentage of the respective
phosphorylation intensities after 5 min of EGF stimulation without further
chase. Intensities were adjusted for different loadings.

Vesicular pH Measurement of EGF-containing Endocytic
Organelles
The luminal pH of endocytic vesicles containing EGF-fluorescein isothiocya-
nate (FITC) was measured by single-cell fluorescence ratio image analysis
similarly to that described previously (Sharma et al., 2004). After 2.5-h serum
starvation, HeLa cells were incubated in the presence of 100 nM EGF-FITC
(Invitrogen) for 1 h, followed by a 30-min chase in serum-free medium at
37°C. Then, cells were transferred into NAKH medium (140 mM NaCl, 5 mm
KCl, 20 mM HEPES, 10 mM glucose, 0.1 mM CaCl2, and 1 mM MgCl2, pH 7.3)
and imaged on Axiovert 100 microscope (Carl Zeiss MicroImaging, Thornwood,
NY) equipped with a cooled charge-coupled device camera (Princeton Instru-
ments, Princeton, NJ) and a 63� numerical aperture 1.4 Planachromat objec-
tive. During image acquisition, cells were kept in a thermostated chamber at
30°C. Images were acquired at 490 � 5 and 440 � 10 nm excitation wave-
length, using a 535 � 25-nm emission filter. In situ calibration curves were
obtained on HeLa cells internalized transferrin-FITC (Invitrogen) by clamping
the vesicular pH between 4.5 and 7.0 in buffered K�-rich medium (135 mM
KCl, 10 mM NaCl, 20 mM HEPES or 20 mM MES, 1 mM MgCl2, and 0.1 mM
CaCl2) with10 �M nigericin and 10 �M monensin (Sigma-Aldrich). The
fluorescence ratios as a function of extracellular pH provided the standard
curve for pH determination of EGF-FITC–containing vesicles. Image analysis
was performed with the Metafluor software (Molecular Devices, Sunnyvale,
CA). The background subtracted fluorescence ratios of �100–300 vesicles
were determined, and their distributions were fitted to mono- or multipeak
Gaussian curves using Origin 7.0 software (OriginLab, Northampton, MA).
The average pH of each type of vesicle population was calculated as the
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Figure 1. hVps24 is localized to late endosomes. Hep2 cells were permeabilized before fixation. The cells were stained with antibodies
against hVps24 (red) and EEA1 (green; A–C), CD63 (green; D–F), LAMP2 (green; G–I), or TGN46 (green; J–L). Colocalization between hVps24
and the endosome/TGN markers is indicated in yellow.
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arithmetic mean of the data and was identical to the Gaussian mean. In Tsg101
siRNA treatment, the data were best fitted with a two-component Gaussian
distribution, and the mean ratio was obtained by weighted averaging.

Electron Microscopy (EM)
To follow EGFR endocytosis on the EM level, we followed a pre-embedding
approach. Cells were transfected with the RNAi Vps24/scrambled construct
(for transfection details, see above) and incubated for 72 h. The cells were then
labeled with EGFR antibody (catalog no. 555996; BD Biosciences PharMingen,
San Diego, CA) at 4°C for 20 min and washed three times, followed by a
20-min incubation with 10-nm protein A-gold (PAG). After washing, the cells
were treated with 50 ng/ml EGF for 20 min at 37°C and chased in EGF-free
medium for 3 h. Cells were fixed in 2% glutaraldehyde in 0.1 M phosphate
buffer at room temperature for 1 h, scraped, and pelleted at 10,000 rpm.
Samples were postfixed with 2% OsO4 and 1.5% KFeCN in H2O, stained with
4% uranyl acetate, and prepared for conventional plastic embedding. Sections
(40–50 nm; Leica microtome) were contrasted with lead citrate and observed in
a Philips CM10 electron microscope. The mean diameter of EGFR-containing
endosomes was estimated by measuring 70–80 EGFR/PAG-positive endosomes
per group (control/RNAi-treated cells) from three separate experiments.

RESULTS

Endogenous hVps24 Is Found on Late Endosomes and
Colocalizes with Internalized EGFRs
Immunofluorescence and immuno-EM has shown that Hrs
resides on the limiting membrane of early endosomes and
MVEs (Raiborg et al., 2002; Sachse et al., 2002). In contrast, it
has been difficult to determine the precise subcellular local-
izations of endogenous ESCRT proteins because of the pau-
city of ESCRT antibodies suited for immunocytochemistry.
That these proteins tend to aggregate when overexpressed in
cells also makes it difficult to follow their localizations by
epitope-tagging approaches. Nevertheless, it has been pos-
sible to determine that endogenous Tsg101 localizes mainly
to late endosomes (Bache et al., 2003a). Endogenous hVps24
has previously been reported to localize to the trans-Golgi
network (TGN) (Yan et al., 2005), which is difficult to recon-
cile with a role in protein sorting from endosomes to lyso-
somes. We therefore attempted to revisit the localization of
this ESCRT-III subunit. For this purpose, an antiserum was
raised against a peptide sequence specific for hVps24 and
used to stain fixed HEp2 cells. Interestingly, the anti-hVp24
antibody showed a punctate cytoplasmic staining (Figure
1A) that was more reminiscent of endosomes than of the
TGN. Indeed, we were unable to detect any significant co-
localization with the TGN marker TGN46 (Figure 1, J–L),
and we only detected little colocalization with EEA1 (Figure

1, A–C). In contrast, hVp24 was found to colocalize partially
with the late endosomal markers CD63 (Figure 1, D–F) and
LAMP1 (Figure 1, G–I), with CD63 showing the highest
extent of colocalization. A similar colocalization with late
endosomal markers was found using HeLa cells, although
these cells expressed lower levels of hVps24 than HEp2 cells
(our unpublished data). We conclude from this that hVps24
resides mainly on a subset of late endosomes.

To address whether internalized EGFRs traffic through
hVps24-containing endosomes, HEp2 cells were stimulated
with EGF for 5 min and chased in EGF-free medium for 15 min
to allow trafficking through endosomes. They were then
stained with antibodies against hVps24 and EGFR. This anal-
ysis showed that most of the EGFR-containing endosomes
were positive for hVps24 (Figure 2, indicated with yellow in
the merged image). The extensive colocalization of internalized
EGFRs with hVps24 is consistent with the possibility that ES-
CRT-III mediates endosomal trafficking of these receptors.

hVps24 Is Essential for Ligand-induced Degradative EGFR
Trafficking
The idea that hVps24 is involved in degradative protein
sorting is supported by the finding that overexpression of
the N-terminal part of hVps24 inhibits EGFR degradation
(Yan et al., 2005). However, because ESCRT-III proteins are

Figure 3. Depletion of hVps24 retards EGFR down-regulation.
HeLa cells treated with scrambled RNA (�) or with siRNA against
hVps24 (�) were stimulated for 0, 2, and 4 h with EGF. The cells
were lysed and analyzed by SDS-PAGE and sequential blotting with
antibodies against EGFR and hVps24. The same membrane was
then reblotted with anti-tubulin to verify equal loadings.

Figure 2. Localization of hVps24 and EGFR in EGF-stimulated cells. HEp2 cells were starved overnight before stimulation with 50 ng/ml
EGF (5 min) followed by 15-min chase in 10 �g/ml cycloheximide-containing medium. The cells were permeabilized before fixation and
stained for EGFR (red) and hVps24 (green). Colocalization between EGFR and hVps24 is indicated in yellow in the merged image.
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thought to engage in heteromultimeric complexes (Babst et
al., 2002a), an indirect effect of this overexpression on EGFR
degradation could not be excluded. We therefore investi-
gated whether depletion of hVps24 affects EGFR degrada-
tion. Two siRNA duplexes specific for distinct sequences
within hVps24 (siRNA-1 and siRNA-2, respectively) were
found to yield strong knockdowns of hVps24 in comparison
with a scrambled sequence RNA duplex, as determined by
Western blotting (Figure 3, middle). Moreover, although the

EGFR was largely degraded after 2 and 4 h of EGF stimu-
lation in cells treated with the control RNA duplex, siRNA
against hVps24 strongly inhibited EGF-induced receptor
degradation (Figure 3, top). This indicates that hVps24, like
Hrs and ESCRT-I, is required for ligand-induced degrada-
tion of the EGFR.

To study in more detail the consequences of hVps24 de-
pletion on EGFR trafficking, we studied the cells by confocal
immunofluorescence microscopy. In cells treated with con-

Figure 4. EGFR is retained in early endosomes in the absence of hVps24. HeLa cells treated with scrambled RNA (A) or with siRNA against
hVps24 (B) were given a 30-min pulse of EGF and chased for 3 h. The cells were permeabilized before fixation and stained with antibodies
against the EGFR (green), EEA1 (red), and LBPA (blue). Colocalization between EGFR and EEA1 is shown in yellow.

Figure 5. Fluid phase transport from early to late endosomes is unaffected in hVps24-depleted cells. HeLa cells treated with siRNA against
hVps24 were left to internalize prebound dextran for 30 min at 37°C. The cells were washed and chased for 0 h (A) and 3 h (B) before they
were permeabilized, fixed, and stained for immunofluorescence microscopy. Dextran is shown in red, EEA1 in green, and LBPA in blue.
Colocalization between dextran and EEA1 is shown in yellow, and colocalization between dextran and LBPA is in purple.
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trol RNA, EGF stimulation for 30 min resulted in a redistri-
bution of the EGFR into EEA1-positive early endosomes
(our unpublished data). After a 3-h chase, the receptor was
hardly detectable, in accordance with the biochemical data
in Figure 3 (Figure 4A). In contrast, in hVps24-depleted cells,
the EGFR was detected in EEA1-positive endosomes both
after a 30-min EGF stimulation (our unpublished data) and
after a 3-h chase (Figure 4B). In a minority (�20%) of the
siRNA-treated cells, enlarged EGFR-positive endosomes
could be observed (our unpublished data). There was essen-
tially no colocalization between the EGFR and the late en-
dosomal/lysosomal marker LBPA in the hVps24-depleted
cells. Together, our results indicate that hVps24 is important
for trafficking of the EGFR from EEA1-positive early endo-
somes to LBPA-positive late endosomes/lysosomes.

hVps24 Is Not Essential for Fluid Phase Transport
between Early Endosomes and Lysosomes
Previous studies have shown that EGFR trafficking but not
fluid phase transport from early to late endosomes requires

phosphatidylinositol 3-phosphate (PI3P), a lipid that is cru-
cial for Hrs recruitment and thereby for ESCRT-I function
(Petiot et al., 2003). We therefore asked whether hVps24 is
required for fluid phase transport from early endosomes to
late endosomes/lysosomes. To address this, hVps24 was
knocked down in HeLa cells by siRNA, and the cells were
incubated with fluorescently labeled dextran for 30 min to
allow endocytic uptake. Thereafter, the cells were chased for
3 h in the absence of dextran to allow trafficking of the
endocytosed dextran to late endosomes. In cells treated with
scrambled RNA duplex, dextran was seen to colocalize with
EEA1 after 30 min and with LBPA after a 3-h chase, as
expected (our unpublished data). Importantly, in hVps24-
depleted cells, the internalized dextran also colocalized with
EEA1 after 30 min (Figure 5A) and was also transported to
LBPA-positive late endosomes after a 3-h chase (Figure 5B).
This indicates that hVps24, similarly to PI3P, mediates EGFR
trafficking but not fluid phase transport from early to late
endosomes.

Figure 6. Different signaling downstream of the EGFR in cells depleted of Tsg101 or hVps24. (A) HeLa cells treated with scrambled RNA,
siRNA against Tsg101, or siRNA against hVps24 were plated out in one six-well dish each and starved for 3 h in the presence of
cycloheximide. All wells except one in each dish were given a 5-min pulse of EGF and then chased in normal medium supplied with
cycloheximide for the indicated times. The cells were then lysed and analyzed by SDS-PAGE and antibodies against phospho-MEK, total
MEK, phospho-ERK, and total ERK as described in Materials and Methods. The intensities of the phospho-MEK (B) and phospho-ERK (C)
bands were quantified by using the software provided by the ChemiGenius imaging system and plotted as percentage of the respective
phosphorylation intensities after 5 min of EGF stimulation and 0 min of chase. Intensities are adjusted for different loadings. Note that the
values in C are obtained from a separate set of experiments with shorter chase times, an example of which is provided in Supplemental Figure
S1. Control cells, square symbols; Tsg101 siRNA-treated cells, triangle symbols; and hVps24 siRNA-treated cells, round symbols. The error
bars represent SEM of four experiments.
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hVps24, Unlike Tsg101, Is Not Required for Silencing
of the EGFR
Cell lines with impaired Tsg101 function show sustained
activation of the MAP kinase pathway downstream of the
activated EGFR, suggesting that ESCRT-I is essential for
silencing of EGFR signaling from the endosome membrane
(Babst et al., 2000). Because ESCRT-III is thought to function
downstream of ESCRT-I in degradative receptor trafficking
(Babst et al., 2002a), we therefore asked whether depletion of
hVps24 causes a similar sustainment of EGF signaling. HeLa
cells were treated with control RNA or with siRNAs against
Tsg101 or hVps24 and then serum starved, stimulated with
EGF for 5 min, and chased for up to 120 min. Activation of
the MAP kinase pathway was then followed by analyzing
cell lysates by immunoblotting with antibodies against
phosphorylated MEK1/2 and ERK1/2. Although there was
little phosphorylation of the two kinases in starved cells,
both were strongly phosphorylated after 5 min of EGF stim-
ulation (Figure 6, A and B). In cells treated with control
RNA, phosphorylation of both MEK1/2 and ERK1/2 was
strongly reduced already after a 30-min chase (Figure 6, A
and B). When Tsg101 was depleted, there was a sustained
activation of both MEK1/2 and ERK1/2 (Figure 6, A–C), in
agreement with previous results (Babst et al., 2000). Surpris-

ingly, however, depletion of hVps24 did not cause sustained
phosphorylation of MEK1/2 and ERK1/2 (Figure 6, A–C).
On the contrary, phosphorylation of ERK1/2 was slightly
less sustained in hVps24-depleted cells than in control cells
(Figure 6, A and C). This indicates that, although hVps24 is
required for degradation of the EGFR, hVps24 is not re-
quired for silencing of receptor signaling.

Depletion of Tsg101 and hVps24 Differentially Affects the
pH of EGF-containing Endosomes
How can the differential requirements for Tsg101 and hVps24
in EGFR silencing be explained? Because dissociation of
ligand at low endosomal pH is thought to contribute to
receptor silencing (Skarpen et al., 1998), we considered the
possibility that depletion of Tsg101 and hVps24 may differ-
entially affect receptor accumulation in acidified endosomes.
To address this, we used FITC-labeled EGF as a pH probe
for EGFR-containing compartments. The validity of this
probe was confirmed by control experiments showing that
internalized EGF and EGFR colocalized strongly under the
experimental conditions used (Supplemental Figure S2).
HeLa cells were depleted for Tsg101 or hVps24, incubated
with FITC-labeled EGF for 60 min, chased for another 30 min
in serum-free medium, and intraendosomal pH was mea-

Figure 7. Effect of hVps24 and TSG101 ablation on the vesicular pH of EGF-containing endocytic vesicles. Ratiometric fluorescence video image
analysis of internalized EGF-FITC (and transferrin-FITC; our unpublished data) containing vesicles was performed in live HeLa cells transfected
with the indicated siRNA as described in Materials and Methods. The mean pH of vesicle population was calculated by the Origin software,
measured in five independent experiments (�SEM). In each experiment, the luminal pH of 100–300 endocytic vesicles was determined.
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Figure 8. Depletion of hVps24 causes accumulation of small MVEs. EM of EGFR-labeled endosomes/MVEs. (A) EGFR labeling in control
cell within a typical endosome with multivesicular appearance. Note that the MVE contains numerous intraluminal vesicles and that most
of the labeling is found on these vesicles. (C) Overview of a group of endosomes illustrating the homogenous morphology of EGFR-positive
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sured by fluorescence ratio imaging. This analysis showed
that FITC-EGF reached a compartment with a pH of �4.5 in
cells treated with control RNA, indicative of transport to late
endosomes or lysosomes (Figure 7). By comparison, FITC-
labeled transferrin reached a compartment with a pH value
of 6.4, presumably corresponding to recycling endosomes
(our unpublished data). Interestingly, FITC-EGF–containing
endosomes in hVps24-depleted cells showed the same low
pH as in control cells, whereas FITC-EGF showed a bimodal
distribution in Tsg101-depleted cells (Figure 7). Some of the
FITC-EGF was found in a compartment with pH of �4.5,
whereas the strongest signal was found in a compartment
with pH of �6.4, suggestive of a delay in trafficking between
two different types of endosomes. This indicates that Tsg101,
but not hVps24, is required for normal accumulation of EGF
in acidic endosomes. This raises the possibility that intralu-
minal pH could be a crucial factor in the silencing of EGFRs.

Depletion of hVps24 Affects the Morphology
of EGFR-containing Endosomes
Taking into account that hVps24-depleted endosomes show
normal acidification, why is their degradation of EGFRs
inhibited? The most straightforward explanation is that their
fusion with lysosomes and thus their acquisition of lysoso-
mal hydrolases might be inhibited. To address this possibil-
ity, we studied the endosomal morphology of endosomes in
hVps24-depleted cells by EM. HeLa cells treated with con-
trol RNA or with siRNA against hVps24 were incubated on
ice with antibodies against the EGFR, followed by colloidal
gold-labeled secondary antibodies. After stimulation with
EGF for 30 min and chase for 3 h at 37°C, the cells were fixed,
embedded in plastic, and sectioned for transmission EM.
Internalization of bound gold particles was not observed in
cells treated with an irrelevant antibody (our unpublished
data). In control cells, EGFR-containing endosomes were
readily detected by the presence of colloidal gold and had a
typical MVB appearance with numerous intraluminal vesi-
cles. EGFR-containing endosomes could also be detected in
hVps24-depleted cells, but these endosomes had a different
morphology than those of the control cells. The endosomes
seemed to contain fewer intraluminal vesicles than the con-
trol endosomes, and, most notably, the EGFR-positive endo-
somes in hVps24-depleted cells were significantly smaller
than those in the control cells (Figure 8, A–D). A quantitative
analysis confirmed this (Figure 8E). We noted that the col-
loidal gold particles mostly localized to intraendosomal
membranes even in hVps24-depleted cells, suggesting that
EGFR sorting from the limiting membrane does not require
hVps24 (Figure 8B). It was also our impression that the
morphology of the intraluminal vesicles of hVps24-depleted
endosomes was less uniform than that seen in control endo-
somes. Together, these findings indicate that the formation/
maturation of MVEs was affected by hVps24 depletion,
whereas EGFR sorting was unaffected.

DISCUSSION

The termination of receptor signaling in endosomes is
thought to be of great importance for the duration of cell
signaling events, and its impairment has been implicated in
carcinogenesis (Dikic and Giordano, 2003). Here, we have
shown that two ESCRT subunits play differential roles in si-
lencing of the EGFR. Although the ESCRT-I subunit Tsg101 is
required for efficient silencing of EGF-induced activation of the
MAP kinase pathway, this was not the case for the ESCRT-III
subunit hVps24. Because both Tsg101 and hVps24 were found
important for ligand-induced degradation of the EGFR, this
reveals that silencing of MEK/ERK signaling from endosomes
can occur independently of EGFR degradation.

Based on previous studies with yeast Vps24 (Babst et al.,
2002a) and with the N-terminal part of hVps24 (Yan et al.,
2005), the requirement of hVps24 for EGFR degradation was
expected. However, it was unexpected that MEK/ERK ac-
tivity was silenced in the virtual absence of hVps24. It seems
implausible that this can be explained by inefficient siRNA-
mediated knockdown, because the extent of hVps24 deple-
tion was high and had a strong effect on EGFR degradation.
In principle, the receptor could be silenced in four different
ways: 1) by proteolytic degradation, 2) by dissociation of
ligand at low endosomal pH, 3) by engagement of the cyto-
solic tail of the receptor by ESCRT complexes that prevent
access of signaling mediators, or 4) by sequestration of the
receptor in intraluminal vesicles of the endosome. Our re-
sults indicate that the EGFR is silenced through one of the
three latter mechanisms, or through a combination of these
mechanisms.

How can it be explained that knockdown of Tsg101 and
hVps24 similarly inhibits degradation of the EGFR but dif-
ferentially affects its silencing? There may be several expla-
nations for this paradox. First, although a recent study
showed that Tsg101 depletion causes the formation of multi-
cisternal endosomes without intraluminal vesicles (Doyotte et
al., 2005), we found here that hVps24 depletion results in the
accumulation of EGFRs in small endosomes that do contain
intraluminal vesicles. This raises the possibility that EGFRs
can signal from the limiting membranes of multicisternal
endosomes in Tsg101-depleted cells, but not from intralu-
minal endosomal vesicles in hVps24-depleted cells. Second,
depletion of Tsg101 caused EGF to accumulate in endo-
somes with a close to neutral pH, whereas EGF-containing
endosomes in hVps24-depleted cells were acidic. Because
EGF only dissociates from its receptor at low pH (Skarpen et
al., 1998), this could mean that receptors in the limiting
membranes of endosomes from Tsg101-depleted cells are
ligand bound and therefore active, whereas endosomal
EGFRs in hVps24-depleted cells are signaling incompetent
because of low pH-induced dissociation of EGF. Third, it is
known that depletion of Tsg101 causes depletion of the
entire ESCRT-I (Bache et al., 2004a), whereas Vps24 is not
required for the intactness of ESCRT-I, ESCRT-II, and the
Vps20/Vps32 subcomplex of ESCRT-III (Babst et al., 2002a).
This raises the possibility that EGFRs can signal from the
limiting membrane of endosomes in Tsg101-depleted cells,
whereas receptors in hVps24-depleted cells may be engaged
in ESCRT complexes that render them inaccessible to the
signaling machinery. Fourth, even though the detected MEK
and ERK phosphorylation was dependent on EGF stimula-
tion, we cannot rule out the possibility that the aberrant
MEK/ERK activity observed in Tsg101-depleted cells may
involve mechanisms that are independent of EGFR activity.
Regardless of the mechanism, our results have uncovered
a difference in the requirements of the ESCRT-I subunit

Figure 8 (cont). endosomes. (B) In RNAi-treated cells, the EGFR-
positive vesicles are significantly smaller than control MVEs and
contain seemingly fewer intraluminal vesicles. EGFR labeling is
found on these vesicles, which do not seem so homogeneous in size
compared with control cells. (D) Overview of a group of endosomes
and lysosomes in an RNAi-treated cell. Arrowheads in C and D
indicate EGFR labeling. Bars, 200 nm. (E) Estimation of the mean
vesicle diameter of EGFR-positive endosomes in control and RNAi-
treated cells (control cells, n � 76; RNAi-treated cells, n � 68; 3
separate experiments). The difference in diameter between the two
groups is �30%. Significance level by Student’s t test (p � 0.005).
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Tsg101 and the ESCRT-III subunit hVps24 in the silencing of
EGF-activated MAP kinase activation. The relationships be-
tween ESCRT-I and ESCRT-III may therefore be less linear
than previously thought.

In the light of current models for MVE biogenesis, the
differential effects of Tsg101 and hVps24 depletion on the pH
on EGF-containing endosomes was unexpected and suggest
that Tsg101 but not hVps24 is required for normal transport
of EGF from early endosomes to a compartment with low
pH. Alternatively, Tsg101 but not hVps24 might be needed
for the acquisition of proton pumps in endosomal mem-
branes. However, because of the bimodal distribution of
FITC-EGF in acidic and less acidic endosomes and the
highly acidic pH (�5, measured by FITC-dextran; our un-
published data) of lysosomes in Tsg101-depleted cells (Fig-
ure 7), we favor the interpretation that Tsg101 is required for
EGF trafficking, not endosomal acidification as such. But if
the EGFR accumulates in properly acidified endosomes in
hVps24-depleted cells, why is degradation of the EGFR in-
hibited? One possibility is that hVps24 might be required for
activation of cathepsin B, which is known to mediate deg-
radation of the EGFR (Authier et al., 1995). However, we did
not detect any change in cathepsin B activity in hVps24-
depleted cells (our unpublished data). Our immunofluores-
cence and electron microscopic analyses indicated that nor-
mal MVE biogenesis and progression into late endosomes/
lysosomes were attenuated in hVps24-depleted cells. We
therefore propose that hVps24 is important for the fusion of
MVEs with lysosomes, which contain hydrolytic enzymes
needed for receptor degradation. This implies a novel func-
tion for hVps24 distinct from its suggested role in MVE
biogenesis and sorting (Babst et al., 2002a).

Previous studies have revealed that fluid phase transport
from early endosomes to lysosomes is regulated differen-
tially than receptor trafficking (Petiot et al., 2003; Gruenberg
and Stenmark, 2004). The finding that EGFR trafficking but
not fluid phase transport from early endosomes to lyso-
somes requires hVps24 is consistent with this concept. In
this context, it is also worth noting that EGFRs have recently
been found to accumulate in a subset of MVEs that are
distinct from LBPA-containing MVEs (White et al., 2006).
This indicates the existence of multiple parallel pathways
between early endosomes and lysosomes.

A previous study concluded that endogenous hVps24 is
localized to the TGN (Yan et al., 2005), whereas here we
found hVps24 to localize to late endosomes, especially those
positive for CD63. The differential results are unlikely to
have arisen from use of different cell lines, because both
studies used HeLa cells as one of two cell lines examined.
However, because late endosomes are often found in the
juxtanuclear area, where the TGN is also located, TGN and
late endosomal markers may sometimes yield partially over-
lapping staining patterns at the light-microscopic level. A
localization of hVps24 to late endosomes is consistent with a
previously found localization of Tsg101 to these organelles,
and with a function for hVps24 in endosomal trafficking.
Even though hVps24 is enriched on late endosomes, this
does not mean that hVps24 is initially recruited to these
organelles. On overexpression of Hrs, Tsg101 can be seen to
accumulate on early endosomes, suggesting that ESCRT-I is
initially recruited to early endosomes (Bache et al., 2003a).
Similarly, overexpressed hVps24 can be found on early en-
dosomes (Yan et al., 2005), and we did observe a few EEA1-
positive structures that labeled for endogenous hVps24 (Fig-
ure 1, A–D). We therefore hypothesize that hVps24 is
recruited to early endosomes but remains endosome associ-
ated through endosomal maturation or trafficking. Because

early endosomes are more short lived than late endosomes,
the bulk of hVps24 is therefore detected on late endosomes
at steady state.

In the present work, we have revealed some unexpected
differences in the functions of the ESCRT-I subunit Tsg101
and the ESCRT-III subunit hVps24. Both subunits are re-
quired for ligand-induced degradation of EGFRs, but only
Tsg101 is required for termination of EGF signaling from
endosomes. This indicates that endosomal silencing of re-
ceptor signaling is more complex than previously thought
and warrants further studies on the function of ESCRTs in
receptor trafficking and signaling. It is interesting to note
that although no ESCRT-III subunits have so far been impli-
cated in cancer, this has been the case for two ESCRT-I
subunits, Tsg101 and hVps37A/HCRP1 (Li and Cohen,
1996; Xu et al., 2003). It is thus possible that ESCRT-I plays a
particularly important role in signal termination on endo-
somes. Further studies on the connections between the en-
dosomal sorting machinery and carcinogenesis will eluci-
date this role.
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